A striking magnetization anisotropy in thin films of vanadium-doped stannic oxide is reported and investigated. The single-crystalline Sn 1−x V x O 2 ͑0 ഛ x ഛ 0.1͒ thin films, grown on Al 2 O 3 substrate, are ͑101͒ oriented and exhibit a temperature-dependent in-plane anisotropy of the saturation magnetization. The in-plane magnetic moment reaches a maximum close to the ͓101͔ direction, but the anisotropy axis is incompatible with the crystalline structure of the SnO 2 thin films. However, it is consistent with V atoms occupying uniaxially distorted octahedral interstices, thus breaking the symmetry of the film. The moment anisotropy decreases gradually with increasing temperature and persists to temperatures above room temperature. It is modeled as a spin-orbit effect involving the hopping of orbital-current loops, as contrasted to isotropic Heisenberg exchange, and the temperature dependence of the magnetism is explained on the basis of a thermal admixture of nearly degenerate crystal-field states. The phenomena may be relevant to a wide range of dilute magnetic oxides.
I. INTRODUCTION
High-temperature dilute magnetic oxide semiconductors, such as Mn-and Co-doped ZnO, TiO 2 , and SnO 2 , 1-11 have attracted much attention in spin electronics, because they combine optical transparency and semiconductivity with ferromagnetism above room temperature. However, the ferromagnetism of these transition-metal-doped oxides is rather poorly understood. Difficult issues include the high Curie temperature, [6] [7] [8] [9] the origin of large and anisotropic saturation magnetization in some systems, 7, 9 and the specific role of imperfections such as oxygen vacancies, substitutional disorder, and interstitial occupancies. [4] [5] [6] [7] 11 These questions have far-reaching ramifications. For example, the anisotropic magnetic moment observed in Co-doped ZnO ͑Ref. 7͒ is incompatible with Heisenberg exchange, J ij s i · s j , and indicates the involvement of spin-orbit coupling. 7, 12, 13 An additional challenge is that the oxides' finite-temperature magnetism may not be universal, but depend on the oxygen stoichiometry and on the electronic structure and site occupancy of the individual dopants.
The anisotropy of the moment or magnetization is usually very small and different from the widespread magnetocrystalline anisotropy, where the magnetic energy depends on the magnetization direction. For example, hexagonal Co exhibits a relatively strong magnetocrystalline anisotropy of about 0.5 MJ/ m 3 , but its moment anisotropy is only about 0.5%. The moment anisotropy cannot be explained by the ordinary Heisenberg exchange, which is isotropic even in anisotropic crystalline environments. Both the ordinary magnetocrystalline anisotropy and the moment anisotropy are caused by spin-orbit coupling l · s, where l and s are the orbital and spin moments, respectively. 12, 13 In an extreme limit, the resulting anisotropic Heisenberg coupling corresponds to the classical exchange J cos 1 cos 2 , as opposed to the familiar form J cos͑ 1 − 2 ͒.
In this paper, we report a moment anisotropy in a dilute magnetic oxide, V-doped SnO 2 . We measure the anisotropy and its temperature dependence, and model the observed behavior in terms of crystal-field interactions and spin-orbit coupling.
II. SAMPLE PREPARATION AND CHARACTERIZATION
Our Sn 1−x V x O 2 films ͑x ഛ 0.10͒ were grown by pulsedlaser deposition ͑PLD͒ on r-cut Al 2 O 3 ͑1102͒ and have thicknesses of about 50 nm. Atomic force microscopy analysis with a vertical resolution of about 0.5 Å shows that the substrate is free of steps.
Step-induced surface anisotropies, which are important in other systems, 14, 15 can therefore be excluded. The V-doped SnO 2 ceramic targets were prepared by standard solid-state reaction. The base pressure of the PLD chamber was 3 ϫ 10 −7 Torr; during film growth, the oxygen pressure was 5 ϫ 10 −4 Torr, and the substrate was held at 600°C. The V concentrations were determined by energy dispersive x-ray spectroscopy, and the structures of the films were characterized by x-ray diffraction ͑XRD͒. The magnetic measurements were performed with a superconducting quantum interference device ͑SQUID͒ magnetometer. Figure 1͑a͒ shows the XRD -2 scan pattern of the Sn 0.9 V 0.1 O 2 thin film. The film has the rutile structure with a strong ͑101͒ texture, and no secondary phase is observed. XRD pole figures ͑not shown here͒ indicate that the film is single crystalline and is epitaxially grown with its ͓010͔ axis along the ͓1210͔ direction of the Al 2 O 3 substrate, consistent with the previous report in Ref. 16 . The dependence of the ͑101͒ plane spacing, d 101 , on the V concentration is shown in Fig. 1͑b͒ . The spacing decreases almost linearly with increasing V concentration, suggesting that the vanadium goes into the lattice rather than forming clusters outside the crystal. However, the symmetry of magnetic moment ͑see below͒ speaks against a random substitutional solid solution of V for Sn.
III. MAGNETIC MEASUREMENTS
The Sn 1−x V x O 2 films exhibit a net magnetization at and above room temperature, indicative of a strong ferromagnetic coupling. Figure 2 shows Sn 0.9 V 0.1 O 2 roomtemperature hysteresis loops for magnetic fields in the film plane, parallel and perpendicular to the crystallographic ͓010͔ direction. In both directions, remanence ratio and coercivity are about 30% and 200 Oe, respectively. The coercivity indicates the presence of magnetocrystalline anisotropy, but due to the unknown coercivity mechanism, it is difficult to draw quantitative conclusions from the hysteresis loop.
The saturation magnetization exhibits a pronounced inplane anisotropy of the magnetic moment. Figure 3 shows the room-temperature saturation magnetization as a function of the angle between the ͓010͔ direction, as determined from the pole-figure data, and the magnetization. The maximum and minimum are close to the ͓101͔ and ͓010͔ directions, respectively. The solid curve in Fig. 3 is the secondorder moment anisotropy
where M o = 0.374 B / V atom and ⌬M = 0.148 B / V atom were obtained by fitting the experimental data. The temperature dependence of the moment anisotropy is shown in Fig. 4 .
A striking feature of the moment anisotropy of Fig. 3 is the shift of the curve by an angle o = 20.9°. This shift is incompatible with both the sample geometry and the crystal structure of rutile SnO 2 . The sample is square and should not yield uniaxial anisotropy in any direction, whereas the crystal structure of the film does not support magnetization extrema at angles other than 0 and / 2. However, arbitrary angles may be caused by structural features that break the symmetry of the film.
IV. ORIGIN OF MOMENT ANISOTROPY
A possible symmetry-breaking mechanism is the formation of bonds of the type V-O-V by substitutional impurities. Such bonds are not unexpected in magnetic semiconductors, because they may be energetically favorable. 17 However, in the case of V in SnO 2 , there is a tendency towards interstitial occupancy of the V.
18,19 Figure 5 shows the corresponding interstitial coordination octahedron. The symmetry axis of the octahedron, shown by the dashed line, is neither parallel to the a, b, and c axes of the rutile structure nor to the ͓101͔ and ͓010͔ symmetry axes in the film plane.
As evidenced by bulk paramagnetic resonance, 18 the strongly distorted interstitial octahedron gives rise to a crystal field that breaks the cubic e g -t 2g symmetry of the undoped SnO 2 . In the coordinate frame of Ref. 18 , which differs from the usual frame by a rotation of 45°in the x-y plane, the t 2g ground-state triplet is split into a low-lying x 2 -y 2 singlet and a doublet containing the xz and yz levels. The large splitting, of order 3 eV, means that the energy of the doublet is nearly degenerate with the xy level. This pushes the xz and yz levels close to the Sn conduction band, where they can hybridize with the relatively diffuse 19 Sn 5s and 5p orbitals. Spin-orbit coupling mixes the levels, ͉ ± ͘ϳ͉xz͘ ± i͉yz͘, and yields an orbital moment along the symmetry axis of the octahedron. To realize the moment, the doublet must be occupied by one electron. For V 4+ , this is not satisfied, because the only occupied level would then be the low-lying x 2 -y 2 state. Such occupancy carries a paramagnetic signature, is unlikely to support ferromagnetic coupling, and shows zero moment anisotropy.
Note, however, that the level occupancy is only approximately known and strongly affected by oxygen stoichiometry. The maximum orbital moment due to this mechanism, 1 B / V atom, is consistent with our experimental data. Changing the stoichiometry by annealing in oxygen or vacuum enhances or reduces the anisotropy, respectively, and we have also seen some anisotropy reduction on roomtemperature aging on a time scale of several months. In the light of the notorious defect-structure and stoichiometry dependences of the properties of dilute magnetic semiconductors, 11 these findings are not surprising but remain to be explained.
The orbital-moment directions obtained by projecting the dashed line in Fig. 5 onto the film plane are consistent with the observed magnetization. Since there are several octahedral interstices per unit cell, the actual moment angle depends on the unknown occupancy of these sites. However, a random interstitial occupancy with zero net effect is unlikely, because the simultaneous occupancy of interstitial sites of the type ͑1/2,0,0͒ and ͑1/2,0,1/2͒ is sterically unfavorable.
Our explanation assumes a spin-orbit-induced hybridization of the xz and yz levels, but, as mentioned, the bulk xy, xz, and yz levels are close together and easily remixed, for example, by film strain. This may change the direction of the orbital moment by 90°but leaves the basic mechanism unchanged, including the key role of the crystal field acting on the impurity atoms. The energies of the three levels are difficult to determine, so further analysis of this point is not possible at this stage.
V. TEMPERATURE DEPENDENCE
It is well known that the orbital moment reflects the competition between spin-orbit coupling and crystal-field interactions. To describe the temperature dependence of the moment anisotropy, we model the interstitial V atom by the single-ion Hamiltonian
Here, is the spin-orbit coupling parameter, ͗s͘ is the average spin of the electron occupying the xz and yz states, and is the angle between spin and orbital moment. In elemental iron-series ferromagnets, the spin-orbit coupling ϳ 0.05 eV is a small perturbation to the one-electron level splitting of order 1 eV, and one obtains orbital-moment corrections of order / ͑E xz − E yz ͒. In the present model, the ͑nearly͒ degenerate character of the xy and xz states amounts to a disproportionally large spin-orbit effect, described by the levels
Here, the sign Ϯ refers to the two eigenstates ͉ ± ͘ of Eq. ͑1͒, which correspond to orbital moments of opposite directions. At zero temperature, only the lowest-lying state ͉ + ͘ or ͉ − ͘ is realized, depending on the spin direction ͑angle ͒. The temperature dependence of the moment anisotropy has two contributions. First, with increasing temperature, both levels become occupied, in accordance with the Boltzmann factors p ± ϳ exp͑±⌬E / k B T͒, and the orbital moment decreases as f͑⌬E / k B T͒ϳ͑p + − p − ͒ / ͑p + + p − ͒. Second, the average spin ͗s͘ exhibits a temperature dependence corresponding to an isotropic Heisenberg exchange. A comprehensive description would include the temperature dependence up to the Curie temperature T C , which could not be measured due to reduced SQUID sensitivity on installing a furnace. Here, we determine ͗s͘ from a simple two-sublattice model 13, 20 characterized by a coupling energy J * Ͻ k B T C . The two contributions are qualitatively similar and therefore difficult to separate. Figure 6 compares the experimental temperature dependence of the moment anisotropy with f͑⌬E / k B T͒.
VI. DISCUSSION AND CONCLUSIONS
While not attempting to provide a comprehensive explanation, we now discuss how the anisotropic orbital moment affects the interatomic coupling. As in the model of Sec. V, we consider two orbitals per atom, leading to a 4 ϫ 4 matrix for a pair of interacting atoms. For simplicity, we restrict ourselves to tightly bound xy and x 2 -y 2 orbitals and assume that the atoms are homonuclear and located in the x-y plane. Note that the model is easily generalized to heteronuclear orbitals involving V, Sn, and O atoms, and to hybridization involving s, p, and d electrons.
As in the isotropic Heisenberg model, 21 the net exchange depends on the interatomic hopping, but the spin-orbit coupling changes the nature of the hopping. In the simplest case, the model Hamiltonian is
where t is the Slater-Koster hopping integral between the orbitals, 22 and 1/2 describe the quantization axes ͑directions͒ of the spins. The diagonal 2 ϫ 2 blocks of Eq. ͑3͒ represent the spin-orbit coupling, similar to Eq. ͑1͒, whereas the offdiagonal 2 ϫ 2 blocks describe the usual interatomic hybridization ͑hopping͒.
The representation of Eq. ͑3͒ corresponds to real wave functions with zero orbital current density j ϳ i͑ * ٌ − * ٌ ͒, but the spin-orbit coupling creates a current density j ϳ r ϫ s in each atom, and interatomic hopping then acquires the character of a hopping of current loops. Figure 7 illustrates this hopping in the limit of large orbital moments. In the model of Eq. ͑3͒, the current loops are in the plane of the paper, so that s and l are perpendicular to the plane. Turning a spin into the plane of the paper destroys the current loops, corresponding to a reduction or "quenching" of the orbital moment. This is the physics behind the cos 1 cos 2 character of the non-Heisenberg interaction mentioned in Sec. I. Generalized to heteronuclear interactions, the top-left and bottom-right 2 ϫ 2 submatrices of Eq. ͑3͒ have different spinorbit couplings, and the current-loop hopping leads to a "transfer" of spin-orbit coupling between neighboring atoms. This may also be important for the magnetism of materials such as HfO 2 , 11 because the oxygen is important for the moment formation but exhibits virtually no spin-orbit coupling.
In ordinary ferromagnets, the orbital current density due to spin-orbit coupling is usually small and hidden in the derivation of spin Hamiltonians 23 by formal integration over orbital degrees of freedom. Spin-orbit coupling in semiconductors has a more pronounced effect, as seen, for example, by optical ellipsometry, 24 and we expect that the hopping of current loops is a widespread phenomenon in dilute magnetic semiconductors. Note that spin-orbit-split bands of nonmagnetic semiconductors are occupied by ↑↓ electron pairs with opposite orbital moments ͑opposite current directions͒, but any spin polarization of external or atomic origin yields a net orbital moment. The currents are macroscopic but originate from atomic spin-orbit interaction, in contrast to the weak "interstitial" spin-orbit coupling of free electrons confined to atomic layers. The mechanism investigated in this paper complements the moment formation and ferromagnetic coupling due to Heisenberg exchange. The latter strongly depends on features such as bond angles and oxygen stoichiometry. For example, oxides tend to effectively involve orbitals that extend beyond third-nearest-neighbor atoms, 26 and minor changes in the bond angles yield disproportional changes in hopping and exchange. In Eq. ͑3͒, Heisenberg exchange is treated rather crudely by postulating rather than calculating the angles 1/2 . The detailed investigation of the spinpolarized electronic structure and interatomic exchange as well as their interplay with orbital features remains a challenge for future research. The same is true for the direct observation of spin-orbit coupling and orbital moment: x-ray magnetic circular dichroism measurements have been inconclusive so far, which is probably a surface effect.
In conclusion, we have investigated the magnetism of V-doped SnO 2 thin films. The films exhibit a significant spontaneous magnetization well above room temperature and a pronounced and temperature-dependent in-plane anisotropy of the magnetic moment. The symmetry axis of the moment anisotropy is incompatible with the rutile crystal structure of SnO 2 but consistent with the interstitial site occupancy of the V. The moment anisotropy and its temperature dependence critically depend on spin-orbit coupling. The physics behind the moment anisotropy is atomic current loops formed by the spin-orbit coupling, interacting with the crystalline environment, and hopping onto neighboring atoms.
